The tibial tubercle osteotomy is gaining popularity for revision total knee arthroplasty; however, the potential for tubercle displacement has been a concern. This study compared the mechanical behavior of the tibial tubercle osteotomy after screw and cerclage wire fixation. Tibial tubercle osteotomy was done on 40 tibias from cadavers with equal numbers fixed by either screws or wires. Specimens were loaded cyclically to simulate straight leg raises and then loaded to failure with the patellar tendon oriented 0°or 25°f rom the tibial axis. Tibial tubercle osteotomy cyclic displacement was greater for wire constructs at 25°than all other constructs. Failure loads were greater for screw constructs at 25°than both wire constructs. Screw constructs failed at 1429 ± 348 N (0°) and at 1925 ± 982 N (25°). Wire constructs failed at 1072 ± 260 N (0°) and at 893 ± 293 N (25°). Bone mineral density correlated positively with failure loads. Straight leg raise (400 N) and knee extension (250 N) against gravity during rehabilitation should be feasible with either screw or wire fixation after tibial tubercle osteotomy. Special care should be taken for the large patient and patients with decreased bone density.
The incidence of revision total knee arthroplasties (TKA) continues to increase as the population ages and primary TKAs are done in younger patients. Safe exposure during revision can be challenging. Traditionally, the tibial tubercle osteotomy has been used for patellofemoral realignment procedures. 6 Currently, the osteotomy is gaining popularity for exposure in revision TKAs. Although clinical studies 5, 10, 18, 19 have had good to excellent results, concerns of tubercle displacement and extensor mechanism disruption during rehabilitation still exist. Bicortical screws and cerclage wires are the most common techniques for step-cut osteotomy fixation. 5, [17] [18] [19] [20] Davis et al 4 examined the fixation strength of the tibial tubercle osteotomy with the loading direction parallel to the tibial axis, and showed screws to be superior to wires at that orientation. Consequently, our study examined the behavior of the osteotomy fixation under submaximal cyclic loading, approximating loads applied in the rehabilitation period. Physiologic range of motion (ROM) of the knee places the loading direction of the patellar tendon relative to the tibial axis as much as 25°. 16 Consequently, the current study also intended to determine whether the loading angle would affect fixation strength or displacement of the screws and wires in a step-cut osteotomy construct. The goal of our study was to generate biomechanical data to help guide rehabilitation of patients after tibial tubercle osteotomy. Our null hypothesis was that fixation strength for screws would be equal to that of wires after cyclic loading and that loading of the osteotomy at different angles of knee flexion would not affect the difference in fixation strength or displacement between the two groups.
MATERIALS AND METHODS
Forty frozen lower extremities from cadavers (range, 48-82 years) were divided into two groups of 20 and prepared and mounted following methods consistent with those of Davis et al. 4 Briefly, osteotomies were done in a similar fashion to that outlined by Whiteside, 17 Whiteside and Ohl, 19 and Wolff et al. 20 A step-cut was done with an osteotome just proximal to the insertion of the patella tendon to the tubercle. By incising the periosteum on the medial side, osteotomized fragments were created measuring 10.3 to12.5 cm in length and 1.3 to1.9 cm in thickness at the tubercle (Fig 1) .
In the first group of specimens, osteotomy fixation consisted of two, 4.5-bicortical screws (Synthes, Paoli, PA) placed approximately 2 cm and 6 cm distal to the tubercle (Fig 2) . The proximal and distal screws were angled posteromedially and posterolaterally, respectively, to prevent intrusion into the intramedullary canal, which would interfere with a revision tibial stem. In the second group of specimens, fixation consisted of four, 18-gauge cerclage wires (Ethicon, Somerville, NJ) placed just below the tubercle and then 2, 4, and 6 cm distal (Fig 2) . Unlike the technique described by Whiteside, 17 the wires were placed 5 mm below the osteotomy bed and looped around the tubercle fragment. The wires were tensioned between 56 and 64 in-oz using a calibrated custom torque device.
The testing protocol was done using an Instron 1321 servohydraulic materials testing machine (Instron, Canton, MA) (Fig 3) . Testing consisted of dynamic cyclic loading, followed by static loading to failure. Dynamic cyclic loading to 400 N at a rate of 200 N/second was imparted until the osteotomy reached 10 mm displacement or until 500 cycles were completed. Loading to failure then was done at 25 mm/minute until a peak load or 10 mm displacement occurred. Failure of each specimen was defined as the load that occurred within 10 mm of the osteotomy displacement. Ten millimeters of tubercle migration in the clinical setting would be identified by radiographic examination and could compromise the integrity and function of the extensor mechanism.
Specimens grouped into screws and wires were tested with the loading direction of the patella tendon at 0°or 25°relative to the tibial axis. A custom-designed fixture was used to position the specimen to achieve a loading direction of 25°. The position 
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of each specimen was confirmed with the use of a magnetic base protractor and a goniometer. All osteotomized fragments were measured for length, height at tubercle, and surface area on completion of testing. Displacements throughout cyclic loading, load at failure, and displacement at failure were recorded for each specimen.
To quantitatively describe increasing tubercle displacement under cyclic loading, the residual displacement after completion of each load cycle was curve fit to a mathematical representation,
where parameter A is reflective of the amount of displacement achieved with the first cycles of loading and parameter B reflects the shape of the creep occurring in the displacement. For example, a value of 1 for B implies the creep displacement that progresses linearly with increasing cycles. A value less than 0.5 for B implies the creep that occurs in an exponentially plateauing fashion.
Statistical evaluation consisted of an analysis of variance testing at a significance level of 0.05 and post hoc testing with a Tukey's test.
RESULTS
During cyclic loading, the majority of the displacement occurred in the first 10 cycles and then stabilized (Fig 4) . There was minimal displacement of the osteotomy in both fixation groups regardless of the loading direction (Fig 5) . However, wires tested with a loading direction of 25°s howed greater (p < 0.01) displacement compared with the other constructs tested. Screws tested with a loading direction of 25°showed the least amount of displacement. One specimen from each group failed during cyclic loading for a loading direction of 25°.
To quantify the cyclic displacement data, displacement values at the end of each cycle for each specimen were curve fit to a mathematical equation (Fig 6) . Parameters A and B were computed statistically to provide the best fit to each specimen data set. Small increases in B can cause large increases in resulting displacement because of the appearance of the parameter as a power within the equation. Although average values of B varied from 0.06-0.16 among fixation methods and loading direction, these were not significant (p > 0.19). However, parameter A had differences among the cyclic behavior of fixation methods and loading direction.
Typical load to failure curves had similar behavior among all groups (Fig 7) . Frequently seen was a rapid rise in load with no osteotomy displacement, followed by increasing displacement with additional increases in load until failure. There was no difference (p > 0.30) in the final displacement at failure (Fig 8) . The load to failure data showed that screw fixation at 25°angulation was stronger (p < 0.04) than wire fixation, regardless of the loading direction. The variables of surface area, osteotomy height, osteotomy length, and bone mineral density (BMD) were the same within the group tested at 0°and within the group tested at 25° (Table 1 ). There were trends observed for greater fixation strength with higher bone density, primarily with screw fixation.
DISCUSSION
Considerable controversy exists in the literature regarding the most effective method of gaining wide exposure to the knee with the least amount of risk in the patient with a stiff, contracted knee. 1, 8, 13, 15 Two of the most devastating complications associated with mobilization of the extensor mechanism in the stiff knee include patellar tendon avulsion 11 and devascularization of the surrounding soft tissues. Traditional methods of exposure have included the quadriceps snip, femoral peel, medial collateral release, and modifications of the V-Y turndown. These all have yielded satisfactory clinical results but have resulted in complications including an increased potential for fibrosis An illustration shows the mechanical loading apparatus with the specimen oriented such that the osteotomy fragment was loaded at 25°to the plane of the osteotomy.
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Mechanics of Tibial Tubercle Osteotomy of the extensor mechanism with subsequent extensor weakness and lag and compromised blood supply to the patella with subsequent osteonecrosis.
1,8,9,13,15
The tibial tubercle osteotomy has been used to prevent these complications. This technique, popularized by Whiteside, 17 provides a wider exposure, allowing easier component extraction and fewer periprosthetic fractures, preserves the blood supply to the patella and quadriceps tendon, prevents patella tendon avulsion, and heals at a strong bone-to-bone interface. Surgeons also may find it useful to make adjustments to the patellar tracking, access the tibial canal for cement removal, and in the case of bulk grafting of the tibia. Although tibial tubercle osteotomy is gaining popularity, there still are concerns about reported complications, such as nonunion, fractures of the tibia, and extensor lag. 2, 3, 7, 12, 14, 20 Many of the potential complications described in the literature can be prevented with adequate fixation of the tubercle fragment. Screws and wires traditionally have been the most popular methods of fixation. 5, [17] [18] [19] [20] However, there are few published data regarding the biomechanical strength of these constructs to support their use. The study of Davis et al 4 confirmed the fixation strengths of these constructs, but lacked cyclic loading and in vivo loading angles.
The goal of the current study was to address these additional issues. Our null hypothesis was that fixation strength for screws would be equal to that of wires after 
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cyclic loading and that loading of the osteotomy at different angles of knee flexion would not affect the difference in fixation strength or displacement between the two groups. We disproved our null hypothesis by showing that screws provided better fixation than wires. This can be explained by the ability of the screw to provide direct fixation to the osteotomized fragment and the construct to resist bending and pull-out forces. However, wire fixation provided adequate fixation for the magnitude of loads estimated during rehabilitation protocols. In addition, we proved our null hypothesis that angle of pull did not affect the overall fixation strength of either wire or screw construct when subjected to failure loads. Although we found a difference in displacement between fixation methods during cyclic load, this difference was not enough to be clinically relevant. The current study strengthens the find- . Statistical differences were seen with parameter A, which is reflective of the initial creep displacement. Statistically significant differences are denoted by ⅙ p < 0.04, • p < 0.01, and ࡗ p < 0.0001; average R 2 values were greater than 0.9 for each group.
Fig 5.
This graph shows tubercle displacement after 500 cycles of loading. Although displacement is seen in all groups, it is well below the threshold of 10 mm. Significant differences are denoted by • p < 0.01 and ࡗ p < 0.0001. The current study has some recognized limitations. Although fresh-frozen specimens provide a good representation of the clinical setting, the effects of blood flow, the healing response of bone, and the effects of the surrounding tissue and skin cannot be easily estimated, but may be very important. In addition, this study only takes into account the static forces at two angles of the patella tendon, and not the dynamic stabilizing effect of the surrounding musculature of the entire extensor mechanism. Cadaveric knees are not optimal in representing a revision TKA Clinical Orthopaedics and Related Research model, and this must be considered in the clinical situation; however, we attempted to test the methods of fixation. As seen in many revision situations, severe bone loss may preclude screw fixation, but wire fixation still may be adequate.
We intentionally chose a cerclage wire technique which was a modification of the technique described by Whiteside and Ohl. 19 In this technique, the cerclage wire is passed through the base of the osteotomy and then looped over the fragment, whereas in the previously described technique, 19 the wires are passed through the base of the osteotomy and then passed through drill holes in the fragment. There are concerns of fracture through drill holes in the fragment; however, both techniques have been used clinically. 10, 19 There are important implications of this data for surgeons. During rehabilitation, loads of 400 N and 250 N were estimated to be applied to the patellar tendon during an active straight leg raise and during a knee extension against gravity, respectively, for a 70-kg patient. If screws can be placed safely, and with adequate cortical purchase, they will provide better fixation than simple cerclage wire fixation. Appropriate placement of the bicortical screws minimizes the potential of vascular injury. There are clinical situations where screws are less feasible, such as when tibial stems are used, when the cortical bone is deficient or thinned, and when the tubercle fragment is ectatic. In these situations, cerclage wire fixation may be preferable and will provide adequate fixation. Differences between fixation techniques were more pronounced at 25 o angle of pull which occurs as the knee approaches full extension. Consequently, short arc quadriceps exercises and active straight leg raises should be avoided in the early postoperative period, particularly in patients who weigh more than 70 kg. 
